X-ray Anomalous Scattering of Diluted Magnetic Oxide Semiconductors: Possible 
Evidence of Lattice Deformation for High Temperature Ferromagnetism 
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We have examined wlietlier tlie Co ions crystallograpliically substitute on tiie Ti sites in rutile 
and anatase Tii_a;Coi,02-i tiiin films that exhibit room-temperature ferromagnetism. Intensities 
of the x-ray Bragg reflection from the films were measured around the _K'-absorption-edge of Co. 
If the Co ions randomly substitute on the Ti sites, the intensity should exhibit an anomaly due to 
the anomalous dispersion of the atomic scattering factor of Co. However, none of the anatase and 
rutile samples did exhibit an anomaly, unambiguously showing that the Co ions in Tii_a:Coa;02-i 
are not exactly located at the Ti sites of Ti02. The absence of the anomaly is probably caused 
by a significant deformation of the local structure around Co due to the oxygen vacancy. We have 
applied the same method to paramagnetic Zni-^^Coa^O thin films and obtained direct evidence that 
the Co ions are indeed substituted on the Zn sites. 

PACS numbers; 75.50.Pp, 78.70.Ck, 68.35.Dv 
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I. INTRODUCTION 

Diluted magnetic semiconductors (DMS) have been at- 
tracting considerable attention as a promising candidate 
material for spintronics devices. The basic concept is to 
utilize spin polarized carriers created by strong exchange 
interaction between localized d-electrons of diluted mag- 
netic ions and itinerant sp-band electrons. ^'^ Since the 
discovery of room temperature ferromagnetism in Co- 
doped anatase and rutile Ti02 thin film^ii there have 
been a number of reports on high-Tc ferromagnetism ob- 
served in various kinds of DMS, particularly in oxides.^ 
Co-doped Ti02 is the material that has been studied 
most intensively. However, the origin of the ferromag- 
netism has not yet been elucidated. One of the experi- 
mental issues is whether the ferromagnetism indeed orig- 
inates from the Co spins that are randomly substituted 
on the Ti sites, and not from the segregated Co clusters. 
There have also been a number of reports that ascribe 
the ferromagnetism to the Co segregationji^i^ 

Strong evidence in support of intrinsic ferromag- 
netism has been given by the observations of anoma- 
lous Hall effect (AHE) and magnetic circular dichroism 
(MCD) i-'^°d^d^d3,i4 j£ ^Yie ferromagnetism were intrinsic, 
the charge carriers should be spin polarized due to the 
exchange interaction with the Co spins. AHE and MCD 
are considered to probe the ferromagnetic response of 
the carriers introduced by the oxygen deficiency. In ad- 
dition, rutile Tii_2;Coj;02-5 has already been function- 
alized as a spin tunneling junction working up to 180 
K.^^ Other studies that focus on this issue are mainly 
based on spectroscopic measurements such as x-ray ab- 
sorption fine structure (XAFS) for samples in which no 
Co segregation was recognized by imaging probes such 
as scanning electron microscope (SEM), atomic force mi- 
croscope (AFM), and transmission electron microscopy 



(TEM)ji^iiiii^ii^ lu thcsc spectroscopic measurements, 
the spectral line shapes differ from that of Co metal. 
They state that the local structure of the Co site is close 
to those of Co oxides such as CoTiOa, in which the Co 
ion is surrounded by six oxygen atoms, forming a CoOg 
cluster, and that the valence state of Co is divalent. Cui 
et al. performed electron beam diffraction and composi- 
tion analysis for anatase Ti02 in a selected area without 
Co segregation and confirmed both the diffraction peaks 
of Ti02 and the existence of Co.^° These results seem to 
support that the Co ions randomly substitute on the Ti 
sites. 

Although these spectroscopic methods provide valu- 
able information on the local structure around Co, how- 
ever, they give little information on the crystallographic 
position of Co and the orientation of the CoOg cluster: 
the former could be interstitial and the latter could be 
deformed due to the oxygen vacancy. In this context, 
we still do not have unambiguous evidence that Co in- 
deed substitutes for Ti in a crystallographic sense. The 
fact that Co is not soluble in Ti02 in a thermodynami- 
cally stable manner also casts doubt on the assumption 
that Co substitutes for Tii^ From a theoretical point of 
view, knowledge on the local structure of a Co ion is of 
fundamental importance to construct a valid model and 
proceed the calculations on the electronic states of Sd and 
sp-band electrons. 

In the present paper, we report on the results of x-ray 
diffraction utilizing anomalous scattering from Co. This 
is a fundamentally different approach than spectroscopy. 
We observe a Bragg peak as a result of the interference 
among the x rays scattered from many Co ions in the 
sample and discuss the average crystallographic site of 
Co in the Ti02 lattice. If Co substitute exactly on the 
Ti site, the Co ions have the same periodicity as the Ti02 
lattice and contribute to the Bragg peak. Our results on 
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anatase and rutile Co-doped Ti02 films, however, lead us 
to a conclusion that the Co ions are not exactly located 
on the Ti sites, implying a significant lattice deformation. 
On the other hand, it is shown that Co indeed substitutes 
on the Zn sites in paramagnetic Co-doped ZnO thin films. 

II. EXPERIMENT 

The basic principle of the method is simple and direct. 
If the Co ions of concentration x randomly substitute on 
the Ti sites of Ti02 , the unit-cell structure- factor can be 
expressed as 

F = ^{(l~x)/Ti-f x/co}expiK-i2,P 

i 

+ J2foe^ptK-RP , (1) 

i 

where /t!, /co, and /o are the atomic scattering factors 
of Ti, Co, and O, respectively. R^l^^^ and ii''"^'' repre- 
sent the i-th atomic site of Ti and O in the unit cell, 
respectively, k is the scattering vector. Here, the atomic 
scattering factors are energy dependent and are generally 
expressed as 

fiE) = f + f'iE)+inE), (2) 

where is the Thomson scattering factor and /' and 
/" are the real and imaginary parts, respectively, of the 
anomalous scattering factor, which exhibit a significant 
anomaly near an absorption edge of the element. There- 
fore, when we measure the energy dependence of the in- 
tensity of a Bragg reflection from the Co-doped Ti02 
film, the intensity should exhibit an anomaly at the ab- 
sorption edge of Co if the structure factor involves fco- 
This measurement can be performed using a synchrotron 
radiation source, where the incident energy of the x rays 
can be varied. Information of the crystal structures, re- 
flection indices examined in the present experiment, and 
their structure factors are listed in Table HI In rutile, the 
Ti atoms occupy the crystallographic site of 2a: (0, 0, 0) 
and (^, ^, ^). In anatase, they are at the 4a site: (0, 0, 
0), (0, i, i), (i, i, i), and (i, 0, f ). The Zn atoms of 
ZnO occupy the 2b site of the wurtzite structure: (|, |, 
0) and (|, i, i). 

We used the same rutile Tii_j:Co2:02-i epitaxial thin 
film samples as those studied in Refs. [l^ and [ill. The 
films were deposited on Ti02 buffered r-sapphire sub- 
strates by laser molecular beam epitaxy (MBE). Oxy- 
gen deficiency S is controlled by the oxygen partial pres- 
sure varying from lO^** to 10^^ Torr. A systematic 
relationship among Co concentration x, oxygen partial 
pressure, carrier density, conductivity, ferromagnetic mo- 
ment, AHE, and MCD is well established for these sam- 
ples. Results of x-ray photoemission spectroscopy (XPS) 
and XMCD at the Co L2,3-edges for these samples are 
also reported)^!^ both of which conclude that the spec- 
trum is that of a high-spin Co^+ ion in a crystal field of 



oxygen octahedron and that the room-temperature ferro- 
magnetism is intrinsic. Anatase Tii_2:Coa:02-5 epitaxial 
thin film was deposited on LaAlO3-(001) substrate by 
laser MBE in an oxygen partial pressure of 1 x 10~^ Torr 
and at a growth temperature of 700 °C. The appearance 
of room-temperature ferromagnetism was checked by a 
SQUID magnetometer and no Co segregation was rec- 
ognized by AFM and SEM. Zni_a;Coa;0 epitaxial thin 
films are the same as those of Ref. [23- These exhibit 
large MCD without an appearance of ferromagnetism, al- 
though several studies reported high-Tc ferromagnetism 
in the same compoundi^i^ 

X-ray diffraction experiments were performed using 
four-circle diffractometers installed at beamlines lA, 4C, 
and 16A2 of the Photon Factory in KEK, Japan. The 
incident beam was monochromatized by a Si-Ill double 
crystals and focused by a bent cylindrical mirror. The 
energy was calibrated using the absorption edge of a Co 
metal foil. For each thin-film sample, we first measured 
the fluorescence spectrum near the Co K-edge to check if 
Co was actually included in the area where the beam was 
irradiated. Next, we measured the energy dependence of 
the intensity of the Bragg reflection. The typical beam 
size was ~ 1 x 1 mm^ . All the measurements were carried 
out at room temperature. 



III. EXPERIMENTAL RESULTS 

The resuhs for Zni_a;Coa;0 with x = 0.02, 0.04, and 
0.12 are shown in Fig.[TJ The base line of each spectrum is 
normalized to unity. The step in the fluorescence at 7.72 
keV, the K-edge of Co, is roughly proportional to the Co 
concentration, indicating that Co is actually included in 
the irradiated area with concentrations proportional to 
the nominal value. Energy dependence of the intensity 
of the 002 Bragg reflection also exhibits a clear anomaly 
at the K-edge. This directly indicates that the Co ions 
indeed substitute on the Zn sites randomly. Comparison 
with the calculated curve represented by the lines is also 
satisfactory!^ 

Tii_2;Coa;02-5 samples exhibit contrasting results 
with Zni_a;Coa;0 as described in the following. Figure [2] 
shows the results for anatase Tii_a;Coa;02-5 with a nom- 
inal concentration of x—0.05. The base lines are normal- 
ized to unity. The fluorescence spectrum indicates that 
the Co ions are indeed included in the sample. However, 
the intensity of the 004 Bragg reflection does not exhibit 
any anomaly at the absorption edge of Co. If the Co ions 
with X = 0.05 substitute for Ti, an anomaly as demon- 
strated by the solid line is expected, which is as large 
as about 5% of the anomaly actually observed at the K- 
edge of Ti as shown in the inset. These results mean that 
the doped Co ions are not located exactly on the Ti sites, 
although the Co ions indeed exist in the sample. 

Figure [3] shows the results for rutile Tii_2;Co2;02-5 
with nominal concentrations of x = 0.05 and 0.1, grown 
under an oxygen partial pressure of 10^^ Torr. The flu- 
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TABLE L Reflection index and the structure factor examined in this experiment. 



sample 


structure 


space group 


index 


structure factor 






Tii_,Co,02 
Tii_,Co,02 
Zni_i:Coi:0 


anatase 

rutile 

wurtzite 


Mi/amd (#141) 
P4:2/mnm (#136) 
PGamc (#186) 


4 
2 2 
2 


F = 4(1 - x)/Ti 
F = 2(1 - x)fTi 

F = 2(1 - X)fzn 


+ 4a: /co 
+ 2a:/co 
+ 2a;/co 


+ 8/o cos 1.667r 
+ 4/ocosl.227r 
+ 2/o(cos 1.537r + isin I.SStt) 



2.0 



^ I I I I I I I I I I I I I I I I I I I p 
Zn,.,Co,0 

x=0.12 




7.60 7.65 7.70 7.75 
Energy (keV) 



7.80 



FIG. 1: (a) Fluorescence spectra of Zni_2,Co2,0 as a function 
of Co concentration x. (b) X-ray energy dependences of the 
intensity of the 002 Bragg reflection. Data are shifted for 
a;=0.04 and 0.12. Lines represent the calculated curves. 
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FIG. 2: (a) Fluorescence spectrum of anatase Tii_2,Coa;02-i 
for X = 0.05. (b) X-ray energy dependence of the intensity 
of the 004 Bragg reflection. Solid line represents a calculated 
curve assuming random substitution of Ti with 5% Co ions. 
Dashed line represents a simulation considering local deforma- 
tions as described in the text. Inset shows the result around 
the Js'-edge of Ti. 



orescence spectra show that the Co ions indeed exist in 
the samples with actual concentrations proportional to 
the nominal value. However, as in anatase, the intensities 
of the 202 Bragg reflection do not exhibit any anomaly 
at the absorption edge, even in the high concentration 
sample of a; = 0.1. These results again mean that the 
doped Co ions are not exactly on the Ti sites, although 
the Co ions indeed exist in the film. Since we expect an 
anomaly as large as the one demonstrated by the solid 
line in Fig. [3l the actual amount of substitution, if any, 
is estimated to be much less than 1 % both for x — 0.05 
and 0.1. The measurements on other reflections, e.g., 103 
for anatase and 101 for rutile, and also on a few other 
samples, did not exhibit any anomaly. 



IV. DISCUSSIONS 

The present experimental results unambiguously show 
that the atomic scattering factor of Co is not in- 
cluded in the structure factor of either anatase or rutile 
Tii_2,Co2;02-5. In other words, the Co ions, on aver- 



age, do not occupy the Ti site nor any specific crystallo- 
graphic site in the Ti02 unit cell; therefore, the interfer- 
ence among x-rays scattered from randomly distributed 
Co ions are prevented. In contrast, from spectroscopic 
measurements such as XAFS, XPS and XMCD, it is con- 
cluded that the local environment of Co is close to that 
of oxygen octahedron. In addition, the 
strong correlation among Co concentration cc, oxygen de- 
ficiency 5, conductivity, ferromagnetism, AHE, and MCD 
investigated in Refs. [l0lfTllll2lll3lll4l support that the car- 
riers are associated with the ferromagnetism originat- 
ing from the randomly distributed Co ions. Taking all 
these experimental results into consideration, we specu- 
late that the doped Co ions exist in a locally deformed 
structure, although they are randomly distributed in the 
sample without making a Co metal-cluster. When a Co^+ 
ion IS substituted for a Ti'^+ in TiO,, an oxygen vacancy 
is necessarily created to maintain the charge neutrality. 
As a result, the number of oxygen in the ligands becomes 
less than six,— which would lead to a deformation of the 
local structure around Co and a deviation of Co from the 
exact Ti site, i.e., the 2a site in rutile and the 4a site in 
anatase. There is also a possibility that Co substitutes 
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FIG. 3: (a) Fluorescence spectra of rutile Tii_a;Coa:02-« for 
X — 0.05 and x = 0.1. (b),(c) X-ray energy dependence of 
the intensity of the 202 Bragg reflection for x = 0.05 and x = 
0.1. Solid line represents a calculated curve assuming random 
substitution of Ti with 5% Co ions. Dashed line represents a 
simulation considering local deformations as described in the 
text. 




FIG. 4; (Color online) Crystal structure of (a) anatase-Ti02, 
(b) rutile- Ti02, and (c) Ti407 MagneU phase-^ 



for the interstitial sites among oxygen octahedrons. In 
rutile Ti02, in particular, the interstitial occupation at 
positions such as (|, 0, 0), (0, i, 0), (i, 0, i), and (0, i, 
i) leads to a structure similar to the MagneH phase as 
illustrated in Fig. [4l from which we may speculate that 
the interstitial site could be also stable for Co. 

In order to examine if such a deformation could sup- 
press the K-edge anomaly of Co, we have made simula- 
tions assuming random shifts of the Co ions from the Ti 
site or the interstitial site. The result is demonstrated 
by the dashed lines in Figs. [2] and [31 The process of the 



simulation is as follows. First, 5% of Co is doped into a 
super cell of 10 x 10 x 10 unit cells, randomly substitut- 
ing for the Ti sites in anatase and the interstitial sites 
in rutile, respectively.^'' At this stage, the anomaly as 
demonstrated by the solid lines in Fig. [2] and [3] appears 
because the Co ions occupy a specific crystallographic 
site and Eq. ([1]) is valid. This is the first kind of random- 
ness. Next, we consider the second kind of randomness; 
i.e., one oxygen vacancy is randomly created in the local 
octahedron at the Co site, and the Co atom is shifted 
to the oxygen vacancy by 1 A in anatase and 0.6 A in 
rutile, respectively. Then, we calculate |Fp for the super 
cell, which is shown by the dashed lines in the figures. 
Although it is not our intention to emphasize that this is 
really the case, the second kind of randomness explains 
that the anomaly at the edge becomes very weak; absence 
of the anomaly in the 103 reflection of anatase and 101 of 
rutile can also be explained. In this simulation, the weak- 
ened anomaly is associated with the increased number of 
possible Co sites by a factor six as a result of the second 
kind of randomness. There should also be a tilting of 
the octahedron due to the vacancy, which would weaken 
the anomaly even more because it further increases the 
possible positions and weakens the correlation among the 
Co sites; the relatively large shift values assumed above 
can be reduced. The spectroscopic measurements, which 
analyze the local structural environment on average, may 
hide information on this kind of deformation we consid- 
ered here. In the case of Zni_a;Co2;0, on the other hand, 
oxygen vacancy is not necessary when doping because 
both Zn and Co are divalent; then, there arises little de- 
formation in the local structure and the doped Co sits ex- 
actly on the Zn site, which is the prerequisite for Eq. ([1]). 

To search for possible deformed structure or another 
phase that could contain Co such as the Magneli phase, 
we performed additional x-ray diffraction experiment us- 
ing an imaging plate Debye-Scherrer camera installed at 
beamline IB. However, no other phase was detected as 
a diffraction peak with its intensity higher than ~ 0.2% 
of the strongest peak of rutile or anatase structure of 
the Ti02 film. Therefore, the deformed structure, if it 
existed, is suspected to be short ranged and randomly 
oriented, which only gives rise to incoherent scattering. 

Although the position and the local structure of Co is 
still uncertain, our experimental results support a theo- 
retical investigation that the oxygen vacancy near Co in- 
duces structural deformation and enhances the spin den- 
sity associated with the ferromagnetism.^* A recent the- 
oretical model for high-Tc ferromagnetism in oxide DMS 
is also based on the oxygen vacancy, which causes im- 
purity band exchange*?? Elucidation of the microscopic 
structure around Co and its relation with the mechanism 
of the ferromagnetism is strongly required. Structural 
analysis by x-ray fluorescence holography, which deter- 
mines the three dimensional atomic arrangement around 
the fluorescing atom, could solve this problemi^ 
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V. CONCLUSION 

By utilizing x-ray anomalous dispersion, wc have di- 
rectly examined whether the doped Co ions substitute 
for Ti in anatase and rutile Tii_2;Co2;02_5 for well char- 
acterized thin-film samples exhibiting intrinsic high-Tc 
ferromagnetism. Although the intensity of the Bragg re- 
flections should exhibit an anomaly at the A'-edge of Co 
if the Co ions were randomly substituted exactly on the 
Ti site, no anomaly was detected in the experiment, in- 
dicating that the Co ions are not located exactly on the 
Ti site. However, the fluorescence spectra show that the 
Co ions exist in the sample in a certain form; XPS and 
XMCD spectra on the identical sample support that the 
Co ions are randomly distributed and are surrounded by 
the oxygens. These contrasting results suggest that the 
local structure around Co is strongly deformed, leading 
to a significant shift of Co from the high symmetry posi- 
tions of Ti sites or interstitials, probably because of the 



oxygen vacancy. We have proposed a scenario how the 
anomaly disappears by the local deformations. On the 
other hand, in our paramagnetic Zni_a;Coa;0 thin film, 
the substitution of Co for the Zn sites has been verified. 
These results may imply a significant role of lattice defor- 
mation for the high-Tc ferromagnetism in oxide DMS's. 
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